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Background: Nitrite reductase from Pseudomonas aeruginosa (NiR-Pa) is a
dimer consisting of two identical 60 kDa subunits, each of which contains one c
and one d1 heme group. This enzyme, a soluble component of the electron-
transfer chain that uses nitrate as a source of energy, can be induced by the
addition of nitrate to the bacterial growth medium. NiR-Pa catalyzes the
reduction of nitrite (NO2–) to nitric oxide (NO); in vitro, both cytochrome c551
and azurin are efficient electron donors in this reaction. NiR is a key
denitrification enzyme, which controls the rate of the production of toxic nitric
oxide (NO) and ultimately regulates the release of NO into the atmosphere.
Results: The structure of the orthorhombic form (P21212) of oxidized NiR-Pa
was solved at 2.15 Å resolution, using molecular replacement with the
coordinates of the NiR from Thiosphaera pantotropha (NiR-Tp) as the starting
model. Although the d1-heme domains are almost identical in both enzyme
structures, the c domain of NiR-Pa is more like the classical class I cytochrome-c
fold because it has His51 and Met88 as heme ligands, instead of His17 and
His69 present in NiR-Tp. In addition, the methionine-bearing loop, which was
displaced by His17 of the NiR-Tp N-terminal segment, is back to normal in our
structure. The N-terminal residues (5/6–30) of NiR-Pa and NiR-Tp have little
sequence identity. In Nir-Pa, this N-terminal segment of one monomer crosses the
dimer interface and wraps itself around the other monomer. Tyr10 of this segment
is hydrogen bonded to an hydroxide ion — the sixth ligand of the d1-heme Fe,
whereas the equivalent residue in NiR-Tp, Tyr25, is directly bound to the Fe. 
Conclusions: Two ligands of hemes c and d1 differ between the two known NiR
structures, which accounts for the fact that they have quite different
spectroscopic and kinetic features. The unexpected domain-crossing by the
N-terminal segment of NiR-Pa is comparable to that of ‘domain swapping’ or ‘arm
exchange’ previously observed in other systems and may explain the observed
cooperativity between monomers of dimeric NiR-Pa. In spite of having similar
sequence and fold, the different kinetic behaviour and the spectral features of
NiR-Pa and NiR-Tp are tuned by the N-terminal stretch of residues. A further
example of this may come from another NiR, from Pseudomonas stutzeri, which
has an N terminus very different from that of the two above mentioned NiRs.
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Introduction 
Nitrite reductase from Pseudomonas aeruginosa (NiR-Pa,
E.C. 1.9.3.2) catalyzes in vitro the reduction of molecular
oxygen to water (O2 + 4H+ + 4e– fi 2H2O ) and the
reduction of nitrite to nitric oxide (NO2– + 2H+ + e– fi
NO + H2O). The catalytic efficiency of the second reac-
tion is one order of magnitude greater than that of oxygen
reduction, and is therefore considered to be the physio-
logical reaction. NiR-Pa is one of the soluble components
of the electron-transfer chain that uses nitrate as an elec-
tron source in facultative anaerobic bacteria. Four reduc-
tases are involved in the overall process that produces N2
from nitrate — nitrate, nitrite, nitric oxide and nitrous
oxide reductases, respectively [1]. Nitrate reductase has a
transmembrane location and, in association with a nitrate
antipore, releases nitrite into the periplasm [1,2], the
compartment where nitrite and nitrous oxide reductases
are located. The biosynthesis of these enzyme is induced
when bacteria are grown in the presence of nitrate. To
date, two classes of dissimilatory nitrite reductases are
known, containing either copper (class I) or heme (class
II) as cofactors; each bacterial species carries only one
type of enzyme. A third class of nitrite reductases (hexa-
heme) is involved in ammonification [3].
NiR-Pa is a dimer of two identical subunits of 60 kDa,
each containing one c and one d1 heme group [4]. The c
heme is the electron accepting pole of the molecule and is
reduced in vitro by either azurin or cytochrome c551 [5–7].
The d1 heme is the site where nitrite [8,9] and oxygen
reduction occur [10,11]. The effects of heme–heme inter-
actions on ligand binding and redox equilibria have been
clearly established; positive cooperativity stemming from
the interaction between the two d1 hemes is particularly
intriguing [7,12–14]. The gene that codes for this enzyme
has been cloned, and both the protein and gene sequences
determined [15]; recombinant NiR-Pa has been expressed
as semi-apoprotein in Ps. putida [16] and as a holoprotein
in a disrupted strain of Ps. aeruginosa [17]. It seems there-
fore that NiR-Pa is at present the best characterized
heme-containing dissimilatory nitrite reductases [18].
Crystals of NiR from Ps. aeruginosa obtained by Yamanaka
et al. in 1962 [19], and later by Takano et al. [20] and Akey
et al. [21] proved to be useless for structure determina-
tion; nevertheless, single crystal polarized optical spectra
showed that the two hemes of the monomer are roughly
perpendicular [22]. More recently, single crystals of NiR-
Tp, obtained by Fülöp et al., [23], allowed the crystal
structure of this enzyme to be determined at 1.5 Å  reso-
lution [24], and recently at 1.2 Å resolution [25]. In the
dimeric structure of NiR-Tp, as expected, each subunit is
organized into two structurally distinct domains, one car-
rying the c heme and the other the d1 heme. The dimer is
largely stabilized by molecular contacts across the two d1
domains. The c domain differs from the cytochromes of
class I [26] in the connectivity of the helices and in the
very unusual ligands of the Fe(III), which are two his-
tidines (His17 and His69) instead of the classical histidine
and methionine. The d1 domain has a eight-bladed b -pro-
peller structure similar to that of methanol dehydroge-
nase [27] with the d1 heme coordinated to a histidine
located toward the C terminus of the propeller. Unex-
pectedly, a loop from the N terminus of the c domain
makes an excursion into the d1 domain and Tyr25 pro-
vides the sixth coordination ligand of the d1-heme Fe(III).
Thus, ligands of the low spin d1-heme Fe(III) are the
His200 and Tyr25. In the catalytic mechanism proposed
by Fülöp et al. [24], Tyr25 is displaced from the iron upon
reduction, leaving the site accessible to substrate binding.
During the catalytic cycle, Tyr25 swings back into the
active site and helps the displacement of the bound NO,
in order to make reduction of the d1-heme iron possible
[24,25, see also 3,18]. 
We have previously reported the crystallization and the
preliminary X-ray analysis of two crystal forms of NiR-Pa
suitable for X-ray data collection and for solving the
structure [28]. In this paper, we present the complete
three-dimensional structure of the orthorombic P21212
crystal form of oxidized NiR-Pa, at 2.15 Å resolution.
Some significant structural differences are present in NiR-
Pa, not seen in the published NiR-Tp structure. As
expected, the subunit structure is organized into a c domain
and a d1 domain, facing each other in a similar way to those
of NiR-Tp; the latter domain is the more conserved part of
the two NiR structures. The c domain of NiR-Pa differs
from that of NiR-Tp and corresponds well to the classical
folding of class I cytochromes c, with histidine/methionine
coordination of the heme. The peculiar structure of the
N-terminal segment that stretches from one monomer
across the interface to the other monomer, providing there a
ligand for the d1 heme and making several contacts with c
and d1 domain of the other monomer, offers a physical basis
to explain the cooperativity observed between the two
NiR-Pa monomers. 
Results and discussion
Overall architecture of the enzyme
The ratio of reflections to parameters for a dimer of NiR-
Pa was rather low, so the structure corresponding to the
data collected at 277K and to a resolution of 2.9 Å was
refined with constrained non-crystallographic symmetry
(NCS) up to the last stages. By extending the resolution to
2.15 Å, the ratio of reflections to parameters was increased
to almost two, and the subsequent refinement was per-
formed without NCS. The 2.15 Å resolution structure
includes 1077 residues, 2 c heme groups, 2 d1 heme groups,
2 chloride and 2 phosphate ions and 870 water molecules.
Residues 1–5A and 1–4B at the N terminus of each of the
two monomers (A and B) are not visible in the electron-
density map, probably because of their relatively high
mobility. The quality of the final structure is excellent, as
can be seen from the crystallographic and conformational
criteria. Rfree is low (23.7%) and the R factor is not too low
(20.2%); this small difference indicates that over-refine-
ment has been avoided (Table 1). The Ramachandran
plot indicates that no residues are in disallowed regions,
and only nine residues (1% of residues) are in generously
allowed regions [29] (Figure 1).
The structure of the monomer can be divided into several
domains or segments (Figures 2 and 3). Starting from the
N terminus, a coiled segment (residues 5/6–29) is fol-
lowed by a cytochrome c-like domain of residues 30–115,
bearing a c heme. This domain is followed by a linker
segment (residues 116–149), composed of two coiled seg-
ments and an intervening a helix (residues 120–128),
which joins the d1 heme b -propeller domain to residue
149. The b -propeller domain carrying the d1 heme termi-
nates at residue 536, and is followed by a short tail pre-
ceding the C terminus at residue 543. Limited proteolysis
studies [30] and sequence analysis [15] have previously
suggested that the molecule may consist of two distinct
large domains. Throughout this study, we have distin-
guished three functional domains for each monomer: the
N-terminal tail (‘N domain’, residues 5/6–29), the c-heme
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domain (‘c domain’, residues 30–115) and the d1-heme
domain (‘d1 domain’, residues 116–543). 
Comparisons of our structure of NiR-Pa with that of NiR-
Tp indicate indeed that the gross features of the two
enzymes are conserved (Figure 3). The c domain sits on
top of the d1 domain, facing the d1 heme of the other
monomer which is at the center of the propeller, in a com-
parable way to what occurs in the homologuous domain in
NiR-Tp. Consequently, the d1 and c hemes are facing
each other, with Fe–Fe and edge-to-edge distances of
19.6 Å and 11.4 Å, respectively (Figure 4). The amino acid
sequences of NiR-Pa and NiR-Tp have 70% identity in
the d1 domains and less than 60% in the c domains,
whereas the N-terminal segments differ considerably in
length and sequence, and display only weak identity (9
identical residues out of 30, with 3 gaps) (Figure 2). Con-
sequently, their d1 domains superpose with a small root
mean square (rms) deviation of 0.76 Å and their c domains
with a similarly small value of 0.82 Å, when only the Ca
backbone is taken into account and the loops between
helices 1–2 and 3–4 are not included in the calculation.
The N termini of NiR-Pa and NiR-Tp have very different
topologies (Figure 3). In NiR-Pa, the N-terminal residues
of each monomer from position 30 to 5 or 6 cross the dimer
interface and establish contacts with the c and d1 domains
of the other monomer. It has recently been proposed that
the ‘domain swapping’ [31] or the ‘arm exchange’ [32]
phenomenons might be favoured by the presence of a
proline close to the hinge. A conserved proline is observed
in all three known NiR sequences when they are aligned
with CLUSTALW [33]. Upon comparing the structures of
NiR-Pa and NiR-Tp, however, it was observed that the
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Table 1
Data processing and model refinement statistics.
Temperature (K) RT (DS1) 277 (DS2) 100 (DS3) 100 (DS4)
pH of the crystal soaking 8.35–8.70 8.4 8.4 6.2
Spacegroup P41212 P21212 P21212 P21212
Overall resolution 15.0–2.8 25.0–2.9 15.0–2.28 30.0–2.15
Number of observations 218,203 180,735 681,919 892,032
Number of unique observations 35,452 35,493 74,790 91,663
Data (%)> 1 s (overall / last shell*) nd / nd 77.9 / 68.7 96.3 / 97.2 88.1/ 80.0
> 3 s (overall / last shell*) 76.0 / 47.0 57.9 / 41.2 82.6 / 81.6 79.7 / 65.5
Rsym (%; overall / last shell*) 8.0 / 33.0 10.1 / 37.1 4.8 / 33.5 6.3 / 21.4
I / s I in (%; overall / last shell*) nd / nd 6.5 / 2.0 14.8 / 3.0 7.7 / 3.4
Completeness (%; overall / last*) 98.9 / nd 90.6 / 77.8 99.0 / 97.0 99.3 / 96.9
Vm / solvent content (%) 2.95 / 58.0 3.60 / 65.8 3.41 / 63.9 3.44 / 64.2
Number of residues / solvent 1077/ 16 1080 / 754 1080 / 870
Number of reflections 35,471 65,628 82,362
Resolution (Å) 25.0–2.9 15.0–2.28 30.0–2.15
R / Rfree factor (%) 19.3 / 22.4 20.1 / 23.7 20.9 / 24.2
Rms on bonds (Å) / angles (°) 0.009/1.61 0.008/1.67 0.014/1.86
Rms on dihedral / improper angles (°) 25.23/1.33 25.39/1.39 26.59/1.34
Mean / rms on B factors (Å2)
backbone 70.04 / 6.50 34.41 / 1.98 37.68 / 2.00
sidechain 71.64 / 5.14 35.2 / 3.59 39.18 / 3.20
solvent 65.53 / nd 42.05 / nd 46.37 / nd
*Last shell resolution: 2.9–2.8, 2.97–2.90, 2.33–2.28 and 2.27–2.15 Å for data column 1, 2, 3 and 4, respectively. (nd, not determined.)
Figure 1
PROCHECK Ramachandran plot of NiR-Pa [29]. Glycine residues are
represented by triangles; all non-glycine residues are squares. The
shaded areas represent, going from darkest to lightest shading, the
graduation from allowed to disallowed regions.
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sequence alignment did not correspond with the structural
position of the residues at this location, due to the pres-
ence of a gap in the alignment. In NiR-Pa, the proline at
position 29, three residues after the hinge residue (Asn26),
is structurally equivalent to residue Thr47 in NiR-Tp.
NiR-Tp has a proline at position 43, one residue before
the hinge residue (Glu44), whereas a threonine (residue
25) is found in the corresponding position in NiR-Pa. The
connection between the N terminus and the c domain is,
therefore, in a more extended conformation in NiR-Pa
than in NiR-Tp, in which it forms a type II b turn. The
absence of proline in position 25 of NiR-Pa, and perhaps
the presence of a proline at position 29, may explain the
existence of the extended N-terminal exchanged arm.
Topology of the domains
The c domain
The topology of the c domain is that of a classical class I
cytochrome c, such as cytochrome c551 from Ps. aerugi-
nosa or tuna cytochrome c [26]. The c heme is held in
place by covalent bonding between the peripheral vinyl
groups and cysteine residues 47 and 50. The polypeptide
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Amino acid sequence alignment of the Nitrite Reductases (NiR) from
Ps. aeruginosa (NiR-Pa), Th. pantotropha (NiR-Tp) and Ps. stutzeri
(NiR-St). Automatic sequence alignment was performed with
CLUSTALW [33]. Numbering is that of NiR-Pa. Ligands of the c heme
are colored in magenta and d1 heme direct ligands are in green. Tyr10
in NiR-Pa is purple, as are the two histidine residues involved in the
substrate binding.
chain of NiR-Pa dimer covers a c-heme surface area of
800 Å2, leaving only 55 Å2 of the surface exposed to the
solvent. By performing the surface calculation on an iso-
lated c domain, the surface of the c heme that is accessible
to water was increased to 121 Å2. The d1 domain was
therefore responsible for hiding the extra 66 Å2. The
c-heme pocket mainly contains hydrophobic residues:
Leu63, Leu76, Leu79, Pro89 and an aromatic residue,
Trp91 (Figure 5a). Semi-polar threonine residues 59 and
84 are also part of the pocket. One heme propionate group
establishes an ion-pair with Arg71 and the other propi-
onate is hydrogen bonded to Thr84 sidechain.
Similar rms deviations to those between NiR-Pa and
NiR-Tp are found between the NiR-Pa c domain and
cytochrome c551 from Ps. aeruginosa or cytochrome c 
from tuna — 1.5 or 1.6 Å, respectively, over 67 a -carbon
atoms. The main deviations are restricted to specific
regions of the molecule. Only the loops that join the
helices (1–4) are significantly displaced (residues 46–63,
70–72 and 84–98, in NiR-Pa c domain) from those of
cytochrome c551, with maximum deviations in the 4–10 Å
range, whereas the whole region comprising helix 2 and
the adjacent loops (residues 64–70 and 70–72 in NiR-Pa
c domain) is different from that in tuna cytochrome c. In
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Figure 3
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(a)
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Ribbon representation of the secondary structure of the Ca tracing of
NiR-Pa, of the c and d1 hemes and their ligands and of the chloride
and phosphate ions. (a) Side view. (b) View from the top. (c)
Secondary structure top view representation of the NiR-Tp c domains,
showing the absence of domain swapping seen in NiR-Pa (same
orientation as in b). Color coding is as follows: N-terminal domain,
pink; c domain, orange; c–d1 linker, green; d1 domain, blue; C
terminus, yellow; hemes, red; methionines, green; histidines, light blue;
tyrosines, violet; chloride ions, light green; and phosphate ions, yellow.
(d) Stereo view of NiR-Pa Ca trace and hemes, where Fe ions are
represented by small black spheres.
fact, a much longer loop is present in tuna cytochrome c
(27 amino acids instead of 9). The NiR-Pa c-domain
structure differs significantly from that of NiR-Tp. The
NiR-Pa loop joining helices 3 and 4 (residues 81–95) has
a classical topology, whereas the equivalent loop in NiR-
Tp (residues 99–114) is oppositely oriented with a
maximum deviation of about 15 Å from the classical posi-
tion (Figure 5). Consequently, the sixth c heme ligand is
no longer a methionine in NiR-Tp (Met106 would be
such a ligand) as it is in NiR-Pa (Met88) or in other
cytochromes c (Met61 and 80 in c551 and tuna cyto-
chrome, respectively) (Figure 5b). The sixth ligand of
the c heme is therefore His17 from the N-terminal
segment in NiR-Tp. The rest of the c domains of NiR-
Pa and NiR-Tp and in particular helices 1–4 superpose
well, with rms deviations of only 0.82 Å over 68 C a
atoms. The histidine/methionine type of c heme coordi-
nation typical of class I cytochrome c has been proposed
for the c-domain of NiR-Pa on the basis of spectroscopic
results (MCD and EPR [14]; NMR [33]). Our X-ray
results definitively confirm this attribution. 
The d1 domain
The d1 domain has an eight bladed b -propeller structure
(Figure 3). A b -propeller structure (with six blades) 
was observed in neuraminidase from influenza virus 
[34] and a seven-bladed b -propeller structure in galac-
tose oxydase [35] and methylamine dehydrogenase [36],
whereas methanol dehydrogenase was found to be formed
of a eight bladed b -propeller domain [27]. Seven blade
b -propeller structures were initially assumed to be more
stable [37]. The six and eight blade b -propeller domains
subsequently observed in neuraminidase and in NiR, also
proved to be stable. Each blade in the propeller is formed
by a b sheet composed of four b strands. This pattern can
be broken, as in the case of the seventh blade of NiR-Pa
which consists of only three b strands — the first segment
being in a coiled conformation. The interaction between
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Figure 4
Stereo view of the spatial arrangement of the
c and d1 hemes (HEC and HED, respectively;
red) and of their ligands; the c–d1 heme
Fe–Fe distance is 19.6 Å , and the
edge–edge distance is 11.4 Å. Coordinating
residues are color coded: histidine in blue;
methionine, green; and tyrosine, violet. The
hydroxide ion between Tyr10 and Fe of d1 is
also represented in red.
the eighth b sheet and the first b strand gives the structure
a circular shape, like a crown. Each b strand contains from
three to eleven residues, but on average the strands are six
residues long. The d1 heme is located roughly on the main
eightfold axis of the propeller, at the end of the barrel
facing the c domain; part of the d1 heme protrudes suffi-
ciently far to be able to interact with some residues of the
c domain. The C-terminal tail (residues 537–543) folds
back at the center of the propeller domain.
It had already been established and confirmed by our own
X-ray studies that the d1 heme is not covalently linked to
the apoprotein and can be removed by performing an acidic
treatment [38]. The polypeptide chain of the d1 domain
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Figure 5
NiR heme-contacting residues. (a) Stereo
view of the c-heme pocket and the residues in
contact with the c heme. (b) Stereo view of
the c domains of NiR-Pa (residues 30–115,
red) and part of the N-terminal and c domains
of NiR-Tp (residues 9–15 and 48–128,
green), showing the difference in orientation
of the loop bearing the methionine ligand
(residue 106 in NiR-Tp, 88 in NiR-Pa).
Representation of the d1 heme contacting
residues within the NiR-Pa pocket: (c)
charged or semi-polar residues; (d)
hydrophobic residues.
covers a d1 heme surface area of 860 Å2, leaving 35 Å2
exposed to the solvent in the dimer. The water-accessible
surface area becomes 127 Å2 in the isolated d1 domain. The
difference in accessible surface area between the isolated d1
domain and that in the native structure arises mainly from
d1’s interaction with the N-terminal domain of the other
subunit (86 Å2) and only marginally from its interaction
with the c domain of the same monomer (6 Å2).
One side of the d1-heme pocket forms the active site (see
below). On the opposite side of the d1 heme, the residues
bordering the d1 heme pocket are hydrophobic and mostly
aromatic; besides residues Tyr10, Ile183, Ala283, Ala284
and Ile285, four phenyalanine residues 245, 425, 441 and
533 constitute the hydrophobic pocket (Figure 5c). In con-
trast, several arginine residues establish contacts with the
d1 heme carboxylates. On the edge of the heme facing the
c domain, Arg372 is ion bonded to the first heme propi-
onate group, whereas the second propionate is simply
hydrogen bonded to Ser226. At the internal edges, Arg156
is ion paired with the one heme carboxylate group, and
the other carboxylate is ion bonded with Arg198 and
Arg225 (Figure 5d). All these charges probably contribute
to maintaining the d1 heme in its pocket. The angle
formed by the tetrapyrrole planes of the c and d1 hemes is
roughly 70°, a value in agreement with the estimation pre-
viously proposed on the basis of microspectrophotometric
studies [22].
Upon examining the NiR-Pa water-accessible surface, it
could be seen that the bottom of the d1-heme pocket is
not really closed. A channel was found to exist between
the d1-heme O2A carboxylic acid (for heme nomenclature
see [24]) atom and the opposite side of the protein surface.
This channel is partly obstructed, near the surface, by the
sidechains of His289, Lys231 and Asp541, with the latter
two residues establishing an ion pair. A chain of water
molecules is observed, starting from W542, bound to the
d1-heme atom O2A, linked to W390, and followed by
W393, W50 and W112. W112 is bound to Asp541 OD1,
and Asp541 OD2 is bound to a surface water molecule,
W273 (Figure 6). This water molecule is in turn bound to
a phosphate ion, at the surface of the protein and at the
bottom of the propeller domain. This channel is composed
of polar residue sidechain atoms or of mainchain atoms.
Another discontinuous channel was observed between the
other carboxylate atom of the d1 heme (O1A) and the
protein surface.
Inter-monomer interactions
Each monomer is composed of three functional domains,
and therefore each domain can potentially interact with
the other five domains, two from the same monomer and
three from the other. The surface area at the dimer inter-
face has a value of 3760 Å2 per monomer out of a total
monomer surface area of 22,760 Å2 (16.5%) (Figure 7).
This inter-monomer interaction involves numerous con-
tacts between the N-terminal domain of one monomer
and the three domains of the other monomer. The surface
area of these interactions amounts to 1440 Å2 (6.3%),
including 760 Å2 with the d1 domain and 680 Å2 with the c
domain (Figure 7). The N terminus establishes numerous
contacts with the c domain (six hydrogen bonds) and the
d1 domain (four hydrogen bonds) of the other monomer.
Other interactions involve the d1 domain of one monomer
and the d1 domain of the other monomer (840 Å2). The
strongest contacts are established via an antiparallel inter-
monomer b sheet involving the strand composed of
residues 315–319 and its twofold related symmetrical
stretch, residues 319–315. Four mainchain hydrogen bonds
are established, plus two sidechain hydrogen bonds
involving threonines 316 and 318. In addition, the Cg 2
atoms of these threonines are in van der Waals contact
with each other. The second part of the inter-monomer
contact, involving residues 261–276 and their twofold
related equivalents, is held together by weak hydrogen
bonds or van der Waals contacts. Two bulky densities
have been attributed to chloride ions; they reinforce the
d1–d1 interactions by bridging the NH of Ser265A and the
NH of Met269B, and vice versa.
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Figure 6
Water-accessible surface area of NiR-Pa monomer A, slabbed at the
level of the d1 heme. Water molecules are colored in blue, the d1 heme
in red and the phosphate ion in green. The channel starting from the d1
heme and leading to the ‘back door’ is located between the d1 heme
and the phosphate ion. 
No cross contacts were found to exist between the c or the
d1 domains of one monomer and the c domain of the other
monomer. In all, the surface of the c and d1 domain of one
monomer buried by the other monomer accounts for 9.7%
of the total monomer surface (Figure 7). This buried
surface is in the range of those of naturally occuring
dimers [39]. The contribution of the swapped N-terminal
domain, however, makes the buried surface much larger,
far beyond the value normally found for natural dimers.
Proteolysis by subtilisin of the NiR-Pa dimer mainly pro-
duces two species: a d1–cd1 heterodimer and d1 monomer
[40], suggesting that the swapped arm interactions may be
crucial in stabilizing the dimer in solution. As mentioned
above, no domain swapping was observed in NiR-Tp. The
interaction between the monomers is therefore weaker in
this enzyme.
Several functional studies have previously highlighted
positive and negative interactions between the four hemes
in dimeric NiR-Pa. Functional inequivalence between
the two monomers was evident in kinetic studies on elec-
tron transfer from macromolecular redox partners such as
cytochrome c551 and azurin to the c heme, with two rates
observed both under steady-state and pre-steady state con-
ditions [6,7]. This behaviour is maintained also in the
recombinant enzyme, from which d1 heme is absent [16].
This kinetic heterogeneity, which is still unexplained for a
homodimer, implies a form of communication between the
two c-heme domains which comes into play when one of
the two sites changes oxidation state. This is a working
hypothesis which seems plausible in view of the fact that
the midpoint redox potential of the c heme was found to be
affected by the ligation state of the d1 heme [7], decreasing
of 80 mV upon CO binding to the latter. More interesting
are the heme–heme interactions, observed in the binding of
CO to the Fe(II) of d1 heme [41]. Equilibrium experiments
showed that the CO-binding isotherm has a Hill coefficient
n = 1.5 which for a dimer with 2 d1-heme binding sites is a
considerable degree of cooperativity. This information is
supported by kinetic data from the same authors [41],
although a quantitative model accounting for d1–d1 coop-
erative effects was not proposed. We presume that the
swapping of the N-terminal arm in NiR-Pa may provide
an appealing structural basis for the observed functional
crosstalk between monomers, but clarification will have to
wait for the structure of the CO derivative.
Interdomain interactions
The N-terminal domain does not interact with the c 
and the d1 domain of the same monomer. The main inter-
action between domains involves the d1 and the c
domains, with a buried surface area of 360 Å2 per domain
(Figure 7). This buried surface area value is quite low for
a classical domain–domain interaction [42]. Accordingly,
only a small number of bonding interactions occur: five
hydrogen bonds and one van der Waals contact. The
surface area and these contacts alone would presumably
not suffice to insure proper cohesion between the two
domains, as in flavocytochrome b2 [43]. This weakness is
compensated for by the presence of the c–d1 domain
linker, and by the N-terminal domain swapping. The
domain swapped N terminus probably greatly increases
the strength of the c–d1 interaction.
The d1 heme and the active site
The d1 heme is noncovalently bound to the apoprotein.
Spectroscopy has shown that the d1-heme Fe(III) is hexaco-
ordinate, a mixture of low-spin and high-spin states [14].
The proximal d1-heme ligand is His182, a residue located at
the beginning of the first b strand on the second blade of
the propeller. On the distal side of the d1 heme, we did not
observe any density near the Fe ion, which could be inter-
preted as resulting from an amino acid sidechain of the
distal ligand. The closest residue to the distal side of the d1
heme is Tyr10, the hydroxyl group of which is at a distance
of 4.17 Å and 4.06 Å from the d1 Fe, in the case of
monomers A and B, respectively. In the difference Fourier
map, however, a density peak at 4s is visible between the
Tyr10 OH group and the Fe(III) ion (Figure 8a). The
center of this peak is 2.33 Å and 2.2 Å from the metal, in
monomers A and B, respectively. On the basis of its chemi-
cal surroundings, this density is attributable to a water mol-
ecule or a hydroxide ion. The position of Tyr10 in NiR-Pa
is thus comparable, but not identical to that of Tyr25 in
NiR-Tp, because in the latter, Tyr25 is directly coordinated
to the Fe (III) of the d1 heme with a contact distance of
1.85 Å. On the basis of EPR spectra, the distal ligand of
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Figure 7
Schematic representation of the interdomain interactions in NiR-Pa
with the N terminus represented by curved black lines. Surface areas
of interactions are given in Å2. 
680 Å2
840 Å2
760 Å2
360 Å2
N terminus
c domain
d domain
NiR-Pa was proposed to be a histidine [14], but such a
residue is not compatible with the observed electron
density. We therefore conclude that an hydroxide is the
sixth coordination ligand of the d1 heme Fe (III) in NiR-Pa,
which is supported by the recent EPR data on crystals of
this enzyme (P Bertrand, personal communication). A
hydroxide ion was therefore modeled into the above
mentioned density and it withstood further refinement
(B = 38.1 Å2 and occupancy = 100%). Hydroxide ions are
common ligands of Fe (III) in several hemoproteins, such as
cytochrome c peroxidase [44] or hemoglobin [45]. In the
latter case, the pH has been found to affect the heme liga-
tion, as the hydroxide ion was present only at basic pH
values. In order to test whether NiR-Pa d1 heme ligation
shows a similar sensitivity to pH, we therefore collected
data sets (DS) on the same crystal form at two pH values:
DS2 and DS3 at pH 8.4 and DS4 at pH 6.5 (see Materials
and methods). No difference was observed between DS3
and DS4 at comparable resolutions, 2.3 and 2.15 Å, respec-
tively. This is consistent with the absence of any pH effect
on the d1-heme ligation, in the case of the oxidized form of
NiR-Pa, if we assume that the pH at the active site does not
depend on the local environment of the protein. 
His345 and His388 were identified in NiR-Tp as being two
putative NO2 or O2-binding residues. They are hydrogen
bonded to a water molecule which also binds to Tyr25.
Likewise in NiR-Pa, histidines 327 and 369, are present in
a comparable position and are therefore believed to play
the same substrate-binding role. The orientation of His327
is maintained by a hydrogen bond with Lys299 NH3
which establishes another hydrogen bond with the Leu326
carbonyl group, leading to a well-maintained geometry
(Figure 8b). His369, on the contrary, is directly hydrogen
bonded to the carbonyl group of Leu424. Unlike NiR-Tp,
the NE atoms of both NiR-Pa histidines, 327 and 369, are
not bound to a water molecule, but are located at a hydro-
gen-bond distance from the OH of Tyr10 of the other
monomer. The geometry of the H-bond involving His369
is very distorted, however, with an angle (NE369A,
OH10B, CZ10B) equal to 92°. 
Catalytic mechanism
A nitrite and oxygen reduction mechanism has been pos-
tulated by Fülöp et al. [24], taking into account results
obtained on NiR-Pa in solution (kinetic and EPR studies)
and the NiR-Tp crystal structure. Given the substantial
differences which exist between the two NiR structures,
as shown by our results, the comparison between data in
solution from NiR-Pa and data in the NiR-Pa crystal struc-
ture make it possible to take a significant step forward in
establishing structure–function relationships.
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Figure 8
The active site of NiR-Pa. (a) Electron-density
map of the catalytic crevice, comprising the d1
heme, the hydroxide ion and the neighbouring
residues. (b) Representation of the active-site
residues and d1 heme (rotated by ~180° from
part a).
The mechanism to account for nitrite reduction by NiR-
Pa might be very similar to that previously proposed by
Fülöp et al. [24]. All of the catalytic cycle, including the
electron transfer, can be kept unchanged, and only the
displacement of NO should be performed by HO– and not
by a tyrosine. This last step is important for the enzyme
activity because, as shown to occur by Silvestrini et al. [18],
at the reduction, NO would remain blocked on the iron.
NiR-Pa activity would therefore be limited to only one
catalytic cycle. In line with these structural results, the
direct involvement of Tyr10 in the catalytic mechanism
has been ruled out by recent results of a site-directed
mutagenesis study: a Tyr10fi Phe mutation in NiR-Pa
does not alter the spectroscopic features nor the oxygen
and nitrite reductase activity of the enzyme, and is still
consistent with hexacoordination of the Fe(III) [46]. The
occurence of such a single catalytic cycle has been shown
to occur at basic pH. At acidic pH, NiR-Pa is able to
perform normal multicycle catalysis, however. This cat-
alytic behaviour may be influenced by the protonation
state of some critical residues. Histidine 327 or 369 may be
the residues involved in establishing activity at low pH.
Their protonation may provide the correct hydrogen-bond
pattern to the substrate, NO2–. This hypothesis is being
checked by point mutagenesis (FC, unpublished results).
The rate of electron transfer (ET) between the two
hemes starting from oxidized NiR-Pa was shown to be
k = 0.2–1.0 s–1 [6], a value much too slow for the donor
acceptor distance observed in the NiR-Pa structure (11.4 Å
edge-to-edge). From the results obtained with the Zn-pro-
toporphyrin IX-reconstituted enzyme [47] , a value for the
internal ET at zero driving force was calculated according
to Marcus [48] to be ‡ 100 s–1. We therefore believe that
the very slow rate of k = 0.2–1.0 s–1 is more likely due to a
reorganization step involving at least a coordination change
of the d1 heme. It is relevant in this respect that Tyr10 has
no unique role, as shown by the properties of the
Tyrfi Phe mutant characterized by Cutruzzolà et al. [46].
Another intriguing structural feature is the channel cross-
ing the d1 domain from the bottom to the d1 heme. It is
tempting to speculate that this channel might be a ‘back
door’ , making it possible for the substrate to access the d1
heme without entailing any major perturbations at the
c–d1 interface. A phosphate ion is localized at the channel
entrance and might occupy a NO2– site on its way to the d1
iron. One argument against this hypothesis is the fact that
the active site is perfectly accessible from the ‘front door’.
In both scenarios, the hydroxide ion and Tyr10 must
move from the vicinity of the d1 iron, however, for cataly-
sis. The possible ‘back door’ access to the d1 heme will be
checked by designing proper bulky point mutants which
close the channel lumen. 
Putative contact areas between the electron-donor proteins
Although in vitro cytochrome c551 and azurin have been
shown to be an electron donor for NiR-Pa, in vivo c551 is
probably the only physiological electron donor (E Vijgen-
boom, personal communication); incidentally, this is the
more efficient of the two macromolecular electron donors
[49]. The known three-dimensional structures of oxidized
and reduced cytochrome c551 from Ps. aeruginosa [50] make
it possible to investigate the putative recognition sites
involved in the interaction of NiR-Pa with this redox
partner. Silvestrini et al. [49] have established that the com-
plexes formed by NiR-Pa and c551 are transient, and that
saturation is quite difficult if not impossible to reach. It is
therefore unlikely that docking may occur via any very spe-
cific surface, but rather via mismatch tolerant surfaces.
Williams et al. [51] have identified ‘pseudospecific’ surfaces
of this kind on the NiR-Tp enzyme and its electron-shuttle
proteins, cytochrome c550 and pseudoazurin. We therefore
searched for hydrophobic surface patches and clusters or
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Figure 9
Putative pseudospecific contact GRASP [68]
surfaces between NiR-Pa and cytochrome
c551 (representations have different scales)
with basic residues in blue; acidic, red;
hydrophobic, yellow; and hemes, green. (a)
The cytochrome c551 contact surface
displaying charged and hydrophobic residues.
(b) Same representation for the NiR-Pa
contact surface.
crowns of positively/negatively charged residues in NiR-Pa
and cytochrome c551-Pa. The charged residues distribution
is very anisotropic in the reduced form of cytochrome c551-
Pa. One side of the cytochrome, opposite the heme crevice,
is covered by acidic residues, aspartates 2, 19, 29, 68 and 69
and glutamates 1,4, 41, 43 and 70 (Figure 9a). This acidic
patch is surrounded by a ring of basic residues, Arg47 and
lysines 8, 10, 21, 33 and 49 (Figure 9a). On the opposite
side, around the heme crevice, a discoidal hydrophobic
‘pseudo-specific surface’, consists of residues Gly11, Gly24,
Val13, Ala14, Ala65, Met22, Pro58, Pro60, Pro62, Pro63 and
Ile59 (Figure 9a). The anisotropy observed between posi-
tively and negatively charged residues results in a strong
dipolar moment, which is placed on a line perpendicular to
the hydrophobic surface, oriented with the positive pole
directed towards the heme propionates, and the negative
pole towards the vinyl groups. 
It has been observed in NiR-Tp that the c domain bears a
hydrophobic surface, opposite the heme crevice, which is
surrounded by a ring of acidic residues. This acidic ring is
the counterpart of the ring of basic residues in cytochrome
c551. The same situation is observed, to a lesser extent, in
NiR-Pa. The hydrophobic patch on the c domain, oppo-
site the d1-interacting face, is composed of residues
Met31, Phe36, Phe44, Ala39, Ile42, Tyr43, Tyr108 and
Leu104 (Figure 9b). A ring of acidic residues, Asp30 and
glutamates 35, 38, 77 and 100, is likely to play the role of
the counterpart in the c551 basic ring of residues. Such a
complementarity of NiR-Pa acidic charges with cytochrome
c551 basic charges makes it possible for the two ‘pseu-
dospecific’ hydrophobic surfaces to interact, leading to a
transient but productive complex within which electron
transfer occurs. Recently, two mutants of Ps. aeruginosa
cytochrome c551, in which negative charges have been
introduced in the positive patch, were characterized by a
drastically reduced electron transfer rate to NiR-Pa (FC,
M Arese and MB, unpublished results).
Biological implications 
Pseudomonas aeruginosa are Gram-negative pathogenic
bacteria that are able to infect both plant and animal
cells. These bacteria are of medical interest because of
their peculiar resistance to all common antibiotics, which
makes them opportunistic pathogens of humans. Under
anaerobic conditions, Ps. aeruginosa uses nitrate as a ter-
minal electron acceptor instead of oxygen; nitrate is suc-
cessively reduced to nitrite, nitric oxide, nitrous oxide and
finally to nitrogen (N2). These bacteria obviously also
play an important role in the nitrogen cycle, particularly,
in the removal of nitrates from waste water.
Ps. aeruginosa nitrite reductase (NiR-Pa) catalyzes the
reduction of nitrite to nitric oxide (NO2– + 2H+ + e– fi
NO + H2O) and, at least in vitro, the reduction of mol-
ecular oxygen to water (O2 + 4H+ + 4e– fi 2H2O). The
catalytic efficiency of the first reaction is one order of
magnitude greater than that of the oxygen reduction,
and it is therefore considered to be the physiological
one. NiR is a key enzyme in denitrification in that it
controls the rate of production of the toxic compound
nitric oxide (NO) and, together with NO reductase, it
ultimately regulates the amount of NO released into
the atmosphere. The importance in understanding the
mechanism of nitrite reduction and NO release by
NiRs is therefore self-evident. 
Ps. aeruginosa NiR is a dimer of two identical subunits of
60 kDa, each containing one c and one d1 heme group.
The c heme is the electron-accepting site of the mol-
ecule, whereas nitrite and oxygen reduction occur at the
d1 heme. Although cd1 nitrite reductases from different
bacterial species are highly homologous in sequence, the
structures of oxidized NiR-Pa and NiR from Thio-
sphaera pantotropha (NiR-Tp) show that, in spite of a
conserved overall architecture, the ligands of the c and
d1 hemes are partly different which accounts for differ-
ent spectroscopic features of these enzymes. Particu-
larly significant is the finding that the c heme in NiR-Pa
has histidine/methionine coordination, consistent with
spectroscopic studies, whereas in NiR-Tp this is a histi-
dine/histidine cytochrome. Moreover, the direct coordi-
nation of a tyrosine residue to the d1-heme Fe(III) in
NiR-Tp is not observed in NiR-Pa, the equivalent
residue, Tyr10, being at hydrogen-bonding distance from
the sixth coordination ligand, which is an hydroxide ion.
No significant effect on catalysis was observed when
Tyr10 was mutated to phenylalanine.
Finally and unexpectedly, the N terminus of one NiR-Pa
monomer crosses the interface between the two subunits
and wraps around the other monomer at the border of the
two domains. This ‘domain swapping’, already observed
in other systems, accounts for the considerable stability of
the dimer (which displays no tendency to dissociate into
monomers) and may physically justify the positive coop-
erativity observed between NiR-Pa monomers.
The cd1 nitrite reductases exhibit an amazingly diverse
catalytic machinery, but are all involved in the same
reaction; this is an important finding for protein design
and engineering. The present structure makes it possible
to design point mutants of NiR-Pa to assess the impor-
tance of residues putatively involved in substrate binding
and catalysis or in recognition interfaces.
Materials and methods 
Protein purification and crystallization
The protein used for crystallization, which was purified using the
method of Parr et al. [52], has a suitable absorbance ratio in the oxi-
dized state (A640nm / A520nm ‡ 1.1; A411nm / A280nm ‡ 1.1) and
shows a single in SDS page band. The crystallization procedure for
obtaining two crystal forms of NiR-Pa has been described previously
1168 Structure 1997, Vol 5 No 9
[28]. Briefly, the tetragonal crystals were grown in 10% Polyethylene
Glycol, 300–500 mM NaCl and 50 mM Tris-HCl, pH 8.35–8.70, and
the orthorhombic crystals were obtained in the presence of 2 M phos-
phate and 50 mM Tris-HCl between pH 8.1–8.5. Fine sampling [53] of
the pH around 8.0 gave rise to larger, untwinned crystals. Some of
these crystals proved to belong to a third space group (C2), whereas
most of them are orthorhombic and belong to space group P21212
(a = 163.1 Å, b = 90.1 Å, c = 111.9 Å, a = b = g = 90°). Assuming one
dimer in the asymmetric unit, the Vm is around 3.5 Å3/Da, correspond-
ing to around 65% solvent [54]. The present crystallographic studies
were performed on these orthorombic crystals.
Data collection and processing
The method of data collection used on tetragonal crystals has been
reported elsewhere [28]. These data were of use only at the beginning of
the structural work. The 2.8 Å resolution data set (data set 1, DS1) has
been integrated using DENZO [55] and merged with SCALEPACK [55]
(Table 1). 
Data collection on the orthorhombic crystals was performed at the
ESRF (Grenoble, France) on a Thomson CCD detector at the ID9
beamline, using a 0.765 Å wavelength. A crystal to detector distance of
193 mm was chosen in order to avoid as far as possible spots overlap.
Crystals were maintained at 277K by a cold air flux in order to reduce
radiation damage. Two crystals were necessary to collect a complete
data set at 2.9 Å resolution (64 frames with 1° oscillation per frame).
The data were indexed and integrated with DENZO [55] and scaled
with SCALEPACK [55] . The percentage occurence of overlapping
spots was greater than 20% in 40 frames out of 64. In order to be able
to use the information involved, deconvolution was carried out on the
overlapping spots with PROW [56], which improved the completeness
and the accuracy of the data, as can be seen in Table 1 (DS2).
The resolution on the same crystal form was further improved using cry-
ocooling conditions (20% glycerol). A data set was collected at 100K
on beamline X11 at the DESY synchrotron (Hamburg) at 2.28 Å resolu-
tion. One crystal sufficed to obtain a complete data set, consisting of
94 1° oscillation frames, using a crystal to detector distance of
249.5 mm and a wavelength of 0.907 Å on the 300 mm MAR imaging
plate detector. Despite these favourable conditions, up to 50% of the
spots overlapped. The data sets were processed as described above.
The usage PROW [56] made it possible to reduce the number of
useless spots from 50% to less than 2% (DS3, Table 1). The last data
set of the orthorhombic crystal form was collected at a different pH
value (6.2). A crystal was soaked in a synthetic buffer at pH 6.2 for
10 min and then cryocooled. Data collection was performed at ESRF’s
ID9 beamline (see above). From a unique crystal 160 frames (0.75°
oscillation each) were recorded at 0.765 Å wavelength with a 190 mm
crystal to detector distance. The data were processed as previously
except that the scaling was performed with the CCP4 suite (Collabora-
tive Computing Project 4, Daresbury Laboratory, Warrington, UK). A
resolution of 2.15 Å was obtained under these conditions (DS4,
Table 1).
Sequence comparisons, molecular replacement and
refinement
The sequences of NiR-Tp [25] and NiR-Pa [16] are 70% identical
(Figure 2). The level of identity falls to less than 50% in the first 130
residues corresponding to the c domain, and is very low among the
first 30 residues. The d1-domain dimer of NiR-Tp was therefore chosen
as the starting model for the molecular replacement procedure.
DS1 was used in the first attempts at solving the structure. The mol-
ecular replacement procedure, using AMoRe [57], was carried out
between 10 and 4.0 Å resolution using the d1-domain dimer of NiR-Tp.
The single solution above a 0.5 threshold yielded a correlation coeffi-
cient of 0.33, an R factor of 52% and a model in a favourable orienta-
tion in this unit cell. This position was improved with ten cycles of
rigid-body refinement in X-PLOR version 3.1 [58,59]. At this stage,
parts of the c domain were visible in the electron-density map, which
made it possible to build the c domain and to perform residue replace-
ment according to the NiR-Pa sequence in the d1 domain, using the
Turbo-Frodo graphics package [60]. At this stage, the model consisted
of a dimer of residues 30 to 543, with ~40 residues missing in loops
80–100 and 450–470. The R factor was 33% and the Rfree 40%. After
several model inspections and simulated annealing protocols in X-
PLOR version 3.1 [58,59], using the Engh and Huber parameters [61],
we were not able to refine this model any further — the Rfree factor was
blocked at 40% and remained insensitive to the introduction of non
crystallographic symmetry (NCS) into the refinement. The reasons for
this lack of success became obvious upon calculating of the correlation
mask with DEMON [62]. In brief, the criterion adopted for a point to be
kept in the mask was that the density calculated at this point should be
correlated with the density of its NCS related position. With the tetrag-
onal form of NiR-Pa, this NCS criterion is not fulfilled in the case of the
most external parts of the molecule. Without the NCS constraints, the
number of parameters is larger than the number of reflections. Further
work on the tetragonal crystal form was therefore abandoned and
further experiments were pursued on the orthorhombic crystal form.
The partly rebuilt model of the dimer from the tetragonal space group
was used in the molecular replacement with AMoRe [57] between 10
and 4.0 Å resolution using DS2 at 2.9 Å resolution. Two solutions with
identical statistics were obtained (correlation of 0.63, R = 51%). These
solutions were not compatible because their positions in the cell were
shifted 1/4 the length of the cell edge along the b axis. In our cell, the
NCS axes of the two dimers are parallel and form an angle of 0.314°
with the a axis. In a native Patterson map, the peak in the section
x = 1/2 at position y = 1/8 and z = 1/4 yielded the position of the true
NCS axis, which thus indicates the real solution to the molecular
replacement. The second solution was an artefact of the NCS that pro-
duced a pseudo-origin shifted 1/4 of cell edge along the b axis. The
model was properly positioned in the orthorhombic space group, and
its position was further adjusted with some cycles of rigid-body
X-PLOR version 3.1 refinement. The correlation mask calculated with
DEMON contained the whole model. The NCS related electron density
within the envelope was averaged with 10 cycles of DEMON [62], and
the solvent density outside of the mask was flattened. New (2mfo–Dfc)
and (mfo–Dfc) Sigmaa-weighted maps [63] were calculated and the N-
terminal stretch of residues could be constructed between residues 4
and 30 using O [64]. The refinement was performed between 8.0 and
2.9 Å using the simulated annealing protocol and strict NCS, in
X-PLOR version 3.1. Two temperature factors, one for the backbone
atoms and one for the sidechain atoms, were determined for each
residue. In the last step of refinement, the model had an Rfree factor of
25.7% and an R factor of 20.4%.
This model at 2.9 Å resolution was used as the starting model for the
refinement against DS3 at 2.28 Å resolution (crystals pH 8.4). We
translated the model within the cell observed at 100K which is smaller
than the 277K cell. As the number of reflections was sufficient at this
resolution, the model was refined without NCS. The refinement proto-
col included conjugate gradient and B-factor refinement (one parame-
ter/atom) and was performed with X-PLOR 3.8.4.3 [58,59]. The
low-resolution data were introduced using the bulk solvent protocol
[65] and reflections were weighted with the one-line empirical weight-
ing scheme [66]. X-PLOR refinement and rebuilding with Turbo-Frodo
[60] were alternated in the refinement procedure, using (2mfo–Dfc)
and (mfo–Dfc) Sigmaa-weighted maps [63]. This final model at basic
pH contains 1077 residues (only the first 4–5 residues at the N termi-
nus were not visible), 2 c hemes and 2 d1 hemes, and 754 water mol-
ecules. The Rfree factor is 23.7% and the R factor 20.7% (Table 1).
This high-resolution model without any water molecules was used with
DS4 collected at pH 6.2 to 2.15 Å resolution. After some cycles of
rigid-body refinement followed by conjugate gradient and B-factor
refinement in X-PLOR 3.8.4.3, the model converged to a solution with
an Rfree factor and an R factor of 31.6% and 27.8%, respectively. After
Research Article  Nitrite reductase N-terminal arm exchange Nurizzo et al. 1169
10 cycles of ARP [67] correlated with the X-PLOR 3.8.4.3 refinement
protocol, 1067 water molecules were identified yielding an Rfree factor
and an R factor of 24.7% and 21.7%, respectively. Both (2mfo–Dfc)
and (mfo–Dfc) Sigmaa-weighted maps [63] were calculated and the
water molecules visually inspected. 289 of them were not located in
density or were too close to another atom and were removed, and 58
new molecules were added. The final model contains 870 water mol-
ecules, 2 phosphate and 2 chloride ions which were not identified in
the previous structure. The final Rfree and R factors are 24.2% and
20.9% respectively (Table 1).
In the last experiment performed, the high-resolution model was refined
against the 277K data set at 2.9 Å resolution with a view to comparing
high and low-temperature structures. The model was repositioned with
10 cycles of rigid body refinement, followed by conjugate gradient and
B-factor refinement. After visual inspection, and further refinement, the
final 277K model contains 1077 residues and 16 water molecules, and
it has Rfree and R factors of 22.4% and 19.3 %, respectively.
Accession numbers 
Coordinates of the 100K–pH 6.2 model have been deposited in the
Protein Data Bank with the  code 1NIR.
Supplementary material
Supplementary material contains a Table of B factors of the final NiR-
Pa, a Figure of the hinge residues of NiR-Pa and NiR-Tp, a Table of
interdomain contacts in NiR-Pa, and a Table of contacts of NiR-Pa c
and d1 hemes, and phosphate and chloride.
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